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Abstract The aspA gene, encoding the aspartyl-tRNA synthe- 
tase (AspRS) from the hyperthermophilic archaeon Pyrococcus 
sp. KOD1, was expressed in Escherichia coli. The KOD1 
AspRS, which was purified to homogeneity and was shown to be 
functional in dimeric form, aminoacylated tRNA from KOD1. 
The optimum temperature for this activity was 65°C, which was 
lower than that for the cell growth of KODI (85°C). However, it 
increased to 75°C by the addition of polyamine molecules, such 
as putrescine, spermine, and spermidine. Analysis of the thermal 
denaturations of the enzyme and of KODI-tRNA indicated that 
neither of them was denatured at temperatures below 70°C. 
These results suggest polyamine is one of the factors which are 
required to stabilize the AspRS-tRNA complex in vivo. In order 
to determine whether the nucleotide triphosphate (NTP) is 
required for Asp-tRNA synthesis, the aminoacylation was 
examined in the presence of each of the four NTPs. AspRS 
most effectively aminoacylated tRNA in the presence of ATP. 
However, we also found that the enzyme aminoacylated it even in 
the presence of GTP and UTP as well. Archaeon synthetase may 
have an interesting system to utilize other NTPs than ATP. The 
extreme conditions of early life may have given rise to these 
unique characteristics which then disappeared from developed 
organisms through evolution. 
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1. Introduction 
A study of a phylogenetic tree based on rRNA or protein 
sequences shows that all known organisms are related suggest- 
ing a common ancestor [1,2]. All organisms can be divided 
into three groups; eukarya, bacteria, and archaea. Phyloge- 
netic location also suggests that the origin of life is thermo- 
philic and also implies that hyperthermophilic microorganisms 
retain some physiological or biochemical features of early life 
forms. Studying characteristics of hyperthermophilic archaea 
enzymes must provide us with important information on an 
ancestral catalytic mechanism of life. 
It is known that aminoacyl-tRNA synthetases (aaRS, EC 
6.1.1), one of the key enzymes involved in the translation 
machinery, have significant homology within core motifs, 
and a comparison of amino acid (aa) sequences of these mo- 
tifs reveals a divergent pattern between bacteria and eukarya 
[3-9]. These ubiquitous enzymes, which are indispensable in 
protein synthesis, catalyze two consecutive reactions: activa- 
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tion of carboxylic groups from natural aa, and the transfer of 
activated aa residues to the cognate transfer RNA (tRNA) 
molecules, leading to the formation of specific aminoacyl- 
tRNA [10]. 
Among aaRSs, aspartyl-tRNA synthetase (AspRS, EC 
6.1.1.12) is one which has been well characterized in many 
organisms [11 13]. In order to understand the evolutional 
relationship of archaea, bacteria and eukarya, we cloned the 
AspRS-encoding ene from the hyperthermophilic archaeon 
Pyrococcus sp. KOD1, which was recently isolated [14], and 
analyzed its sequence. Such data revealed that AspRS has a 
chimeric structure of eukaryotic and bacterial type enzymes 
[13]. It is suggested that its structure is an ancestral prototype 
before bacterial and eukaryotic enzymes were evolved. In this 
report, KOD1 AspRS was expressed in E. coli, purified and 
characterized lbr biochemical properties, including enzymatic 
activity. 
2. Materials and methods 
2.1. Overproduction and purification of recombinant KOD1 A~pRS 
The DNA fragment carrying the AspRS-encoding gene was ampli- 
fied by PCR using two primers which have AflIII and BamHI recog- 
nition sequences (5'-GTTGACATGTACAGGACGCACTACTA-3' 
and 5'-CCAGGATCCGCAGGTTTATGTTGCTGGC-3'). The am- 
plified DNA was cloned between NcoI and BamHI sites of the plas- 
mid pET-8c (Novagen, Madison, WI, USA) and the constructed plas- 
mid was designated pLA556. The AspRS was overproduced in E. coli 
BL21(DE3) and purification was carried out based on the procedure 
of Poterszman et al. [15] with slight modifications. E. coli cells harbor- 
ing pLA556 were induced by 0.4 mM isopropyl-[3-D-thiogalactopyra- 
noside (IPTG) at mid-exponential phase and incubated for 6 h at 
37°C. The cells (from 3 liters of culture) were centrifuged and the 
pellet was washed with TS buffer (30 mM Tris-HCl [pH 8.0], 30 
mM NaCl). Cells were disrupted by sonication and supernatant frac- 
tion was recovered by centrifugation at 27000xg for 20 min at 4°C. 
The supernatant was heat-treated at 80°C for 15 rain and centrifuged 
again at 27000×g for 15 min at 4°C. The obtained supernatant was 
brought o 75% ammonium sulfate saturation and kept at 4°C over- 
night. The precipitate was collected by centrifugation at27 000 x g for 
30 rain, dissolved in 20 ml of TS buffer and dialyzed overnight against 
the same buffer. The dialysate was applied to anion-exchange column 
(Resource Q, Pharmacia, Uppsala, Sweden) and equilibrated in TS 
buffer, and KODI-AspRS was eluted by the linear gradient of NaCI 
using FPLC system (Pharmacia, Uppsala, Sweden). AspRS was 
further purified by repeating the same anion-exchange chromatogra- 
phy. The peak fraction was chromatographed with a gel filtration 
column (Superose 6, Pharmacia, Uppsala, Sweden) equilibrated with 
TS buffer at a flow rate of 0.5 ml/min. The molecular weight of the 
purified AspRS was also determined by analytical gel filtration on 
Superose 6 column. 
2.2. Preparation ~?]' KOD1 tRNA 
A hyperthermophilic archaeon strain KODI was isolated from a 
solfatara at a wharf of Kodakara Island, Kagoshima, Japan [14]. 
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Frozen KOD1 cells (20 g) were suspended in 50 ml of water and 
disrupted by adding 70 ml of phenol saturated with water. Phenol 
extraction was repeated twice and aqueous phase was obtained by 
centrifugation (12 000 x g, 20 rain). Nucleic acids were precipitated 
by adding 0.1 volume of 20% potassium acetate (pH 5.0) and two 
volumes of ethanol. After centrifugation (12000×g, 20 min), the pel- 
let was dissolved in 50 ml of 50 mM Tris-HCl (pH 7.5) and was 
incubated for 30 min at 37°C in the presence of 2 lag/ml DNase I. 
After chloroform extraction, tRNA was fractionated by DEAE cellu- 
lose column chromatography [16,17]. 
2.3. Enzymatic assays 
Enzyme activity was examined by aminoacylation reaction using 
KODI tRNA as a substrate. Reaction was carried out according to 
the procedure of Eriani et al. [6]. The standard reaction mixture con- 
tained in 0.1 ml: 100 mM Tris-HC1 (pH 7.5), l0 mM KCI, 2 mM 
ATP, 5 mM MgCI~, 100/aM []4C]L-Asp (211 mCi/mmol) and 25 Jag of 
tRNA extracted from KOD1. After preincubation at reaction tem- 
perature, the reaction was started by the addition of 40 ~tl of the 
enzyme solution and the sample was incubated at reaction tempera- 
ture for l0 rain. The reaction was stopped by adding TCA and the 
mixture was kept in an ice box for 30 min. The solution was filtrated 
by Whatman 3MM filter paper. The radioactivity remaining on the 
filter was measured by liquid scintillation counting. One unit of activ- 
ity is defined as the amount of enzyme producing l nmol of Asp- 
tRNA in 1 rain. In order to identify aspartyl-tRNA (Asp-tRNA) 
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Fig. 2. Molecular weight determination by gel filtration. Thyroglob- 
ulin (670 kDa), gamma-globulin (158 kDa), ovalbumin (44 kDa), 
myoglobin (17 kDa), and cyanocobalamin (1.35 kDaJ were used as 
molecular weight standards. 
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apart from other components in the reactmn mixture, gel filtration, 
instead of TCA precipitation, was performed using Bio-Gel P-6 (Bio- 
Rad, CA, USA). 
2.4. Circular dichroism 
The circular dichroism (CD) spectra were measured on a J-720W 
automatic spectropolarimeter (Japan Spectroscopic Co., Ltd.) based 
on the published procedure [18]. The far UV spectra (210-260 nm) 
were obtained using solutions containing proteins at 0.117 mg/ml in 
10 mM Tris-HC1 (pH 7.5) in a 2 mm optical path cell. The mean 
residue ellipticity, 0 (measured in deg cm 2 dmol-1), was calculated 
using an average amino acid molecular weight of 110. 
2.5. Analysis of thermal denaturation 
Thermal denaturation curves of KOD1-AspRS were determined by 
monitoring the change in the CD value at 220 nm using solution 
containing proteins at 0.117 mg/ml in 10 mM Tris-HC1 (pH 7.5) in 
a 2 mm optical path cell as the temperature increased at a rate of 
0.5°C/min. The temperature at midpoint of transition (Tin) was esti- 
mated from curve fitting on the resultant CD values versus tempera- 
ture data. 
Melting curves of KOD1 tRNA were measured in 10 mM sodium 
cacodylate buffer, pH 7.2, in the presence or absence of 20 mM 
Mg(OAc)2 based on the method of Kowalak et al. [19]. In order to 
check an effect of divalent cations on tRNA thermostability, 14mM 
CDTA was added in the absence of MgIOAc)2. The buffers were 
degassed by saturation with helium to prevent bubble formation. Op- 
tical melting transitions were measured with a spectrophotometer (U- 
3000, Hitachi Co. Ltd.) coupled to an NEC PC, capable of UV ab- 
sorbance measurements at temperatures up to 100°C. The tempera- 
ture was increased at a rate of 0.5°C/min and the absorbance was 
monitored at 258 nm. 
14" O 
Fig. 1. The 0.1% SDS-12% PAGE of purified KODI AspRS. 
Lanes: 1, molecular weight markers; 2, purified AspRS. The gel 
was stained with Coomassie brilliant blue. 
3. Results and discussion 
3.1. Enzyme characteristics 
In order to elucidate the enzyme characteristics, the AspRS- 
encoding gene was expressed in E. coli and the enzyme was 
purified. The SDS-PAGE analysis was carried out as shown in 
Fig. 1, and the estimated molecular weight (50 kDa) agrees 
with the value deduced from sequence analysis (50893 Da) 
[13]. It was suggested that KOD1 AspRS possesses a Pro 
residue involved in dimer formation which is known to be a 
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Fig. 3. Enzyme characteristics of purified KOD1 AspRS. (a) Effect of temperature on AspRS activity; (b) effects of pH on AspRS activity by 
50 mM phosphate buffer (e) and 50 mM Tris HC1 buffer (A); (c) thermostability of KOD1 AspRS. The sample was incubated at 90°C (z~) 
and 100°C (e) in 50 mM Tris HC1 buffer (pH 8.0), and then the remaining activity was assayed at 65°C. 
feature of all class-I1 enzymes [13]. Gel filtration pattern 
shows that the molecular weight of KOD1-AspRS is 100 
kDa (Fig. 2), indicating that the enzyme acts as a dimer. 
The enzyme activity was examined by the aminoacylation re- 
action using tRNA from KOD1 as substrate. The optimum 
temperature and pH for the enzymatic activity were 65°C and 
7.5, respectively (Fig. 3). The specific activity of purified 
AspRS was 110 U/mg at 65°C. The enzyme was very stable 
against heat inactivation. It had a half-life of 17 h at 90°C and 
3.5 h even at boiling condition (100°C). 
The optimum temperature for the enzymatic activity (65°C) 
is unexpectedly low, although optimum growth temperature 
of KOD1 is 85°C. In order to determine the thermostability of 
tRNA and AspRS from KOD1, thermal denaturation of 
tRNA and AspRS was examined by optical melting profile 
and circular dichroism, respectively. The conformational 
change of KODI-tRNA was monitored by the absorbance 
at 258 nm as shown in Fig. 4. The thermal melting tempera- 
ture (Tm) seems higher than 85°C in the presence of Mg 2+, 
however, in the absence of Mg 2+, melting temperature de- 
creased to 85°C. Mg z+ is suggested to maintain the tRNA 
tertiary structure preventing melting of individual helices 
[20]. These results agree with those of Pyrococcus furiosus 
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Fig. 4. Optical melting profiles of KODI-tRNA in the presence (a) 
or absence (b) of Mg 2+. Absorbance was monitored at 258 nm. 
and Pyrodictim occultum. The Tm value of tRNA from P. 
furiosus is 96.9°C, which is 20°C higher than that predicted 
from its GC content. The tRNA fractionated from P. furiosus 
is known to have posttranscriptional modification of N4-acet - 
yl-2'-O-methylcytidine, N2,NZ,2'-O-trimethylguanosine, a d 
5-methyl-2-thiouridine [19]. We suppose that the KOD1 
tRNA also has a similar modification to prevent from thermal 
instability. 
Thermal denaturation of KOD1-AspRS was examined by 
the CD spectra. The far UV CD spectra of the enzyme at 
30°C and 90°C are shown in Fig. 5a, These results indicate 
that the conformation of the enzyme is changed when the 
temperature is increased from 30°C to 90°C. The thermal 
denaturation curve was then obtained by monitoring the 
change in the CD value at 220 nm. As shown in Fig. 5b, 
the CD value at 220 nm starts to increase at 70°C but does 
not reach a constant value even at 98°C. Therefore it seems 
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Fig. 5. CD spectra of KOD1-AspRS at various temperatures. 
(a) The far UV spectra t 30°C (dashed line) and 90°C (solid line). 
(b) Thermal denaturation curve at 220 nm. 
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Fig. 6. Effect of polyamine on AspRS activity. AspRS assay was 
performed either without polyamine (A) or with 70 gM putrescine 
(z~), 5 gM spermine (©) and 70 gM spermidine (o). 
clear that the enzyme starts to unfold at 70°C but is still not 
fully unfolded even at 98°C. Because the thermal unfolding of 
the enzyme is not fully reversible at this condition, we have 
not determined the thermodynamic parameters that character- 
ize the thermal unfolding. However, the temperature of mid- 
point of transition (Tm) is apparently higher than the opti- 
mum temperature (65°C) for the enzymatic activity. Some 
unknown accessory may be involved in the AspRS-tRNA 
69 
complex formation in the course of the enzyme reaction. 
Otherwise an active conformation of AspRS was maintained 
by the accessory at high temperature. 
3.2. Effect of polyamines 
Polyamines are known to be an important factor in main- 
taining the tRNA structure [21,22]. In some aminoacyl tRNA 
synthetase reactions, polyamines are required for their max- 
imum activity [21]. Hyperthermophiles have relatively large 
amounts of polyamine, including unusual forms of poly- 
amines which are found only in thermophiles [23-25]. In order 
to analyze the effect of polyamine molecules on the amino- 
acylation reaction, the reaction was carried out in the presence 
of putrescine, spermine, and sperrnidine at various concentra- 
tions. It was found that all polyamines enhanced the activity. 
The optimum concentrations of putrescine, spermine and 
spermidine were 70 p.M, 5 p.M, and 70 gM, respectively. In 
addition, the optimum temperature shifted from 65°C to 75°C 
in the presence of these polyamine molecules (Fig. 6). These 
results suggest hat polyamines enhance nzymatic activity by 
stabilizing the conformation of the tRNA-AspRS complex. In 
hyperthermophiles, polyamines may play important roles in 
the AspRS reaction at extremely high temperatures. 
3.3. Requirement of NTPs 
Adenosine triphosphate (ATP) is known to be an energy 
source in various kinds of enzyme reactions. However, it is 
unknown why ATP was selected among various nucleotide 
triphosphate (NTP) molecules. Enzymes from hyperthermo- 
philic archaea might possess features of an ancestral proto- 
type in their reaction, suggesting that the reaction's energy 
source is not only ATP but also other NTPs. The aminoacy- 
lation reaction of tRNA proceeds through a two-step mechan- 
ism. The first step involves the formation of a stable amino- 
acyladenylate complex and subsequent release of pyro- 
phosphate. In the second step, the 3'-terminal adenosine 
of enzyme-bound tRNA reacts with the aminoacyladenylate 
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Fig. 7, Aspartyl-tRNA formation from NTPs at various amounts of AspRS. The amount of aspartyl-tRNA produced per min is indicated in 
the presence of ATP (a), CTP (b), GTP (c), and UTP (d) and in the absence of NTP (e). 
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to produce aminoacyl tRNA in the presence of a divalent 
cation, usually magnesium. 
In order to determine the effect of NTPs other than ATP on 
aminoacylation, the aminoacylation reaction was carried out 
in the presence of GTP, CTP or UTP. Aspartyl-tRNA (Asp- 
tRNA), which was produced by the reaction, was separated 
by gel filtration and detected by liquid scintillation counting. 
When GTP and UTP were used, Asp-tRNA was produced, 
whereas when CTP was used, no Asp-tRNA was produced as 
shown in Fig. 7. These results suggest that KOD1-AspRS 
might form aminoacylguanylate and aminoacyluridylate as
intermediates from the GTP and UTP, respectively. If so, 
this suggests that KODI-AspRS might possess features of 
an ancestral prototype of today's evolved bacterial and eukar- 
yotic enzymes. Broad NTP specificity of KOD 1-AspRS makes 
us imagine that the synthetase of archaea can utilize NTPs 
beside ATP. 
At present, the reason why KOD1-AspRS utilizes GTP and 
UTP besides ATP in an aminoacylation reaction is unclear. 
Possibly, ATP is easily denatured at high temperatures, at
which hyperthermophiles grow, and the amount of available 
ATP might be limited. It may be reasonable that KODI pos- 
sesses an ATP-independent system for the production of Asp- 
tRNA. In order to overcome the shortage in the amount of 
ATP at an extremely high temperature, KOD1-AspRS might 
possess flexibility to recognize and utilize other NTPs than 
ATP. Further studies are needed to prove such ideas. 
It is known that KOD1-AspRS has a chimeric structure of 
bacterial and eukaryotic type AspRSs indicating that it may 
be an ancestral type enzyme [13]. From the perspective of 
evolution, the thermal environments, which are habituated 
by hyperthermophilic archaea such as KOD1, might have 
given rise to these initial organisms of life. These unique con- 
ditions would require organisms to have unusual characteris- 
tics, such as the high Tm, use of polyamines and consumption 
of various NTPs, in order to survive. These unusual charac- 
teristics would be lost through evolution as organisms were 
developed and proliferated in less extreme 
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